eNOS (endothelial NO synthase) plays a critical role in the development of ventricular remodelling and cardiac hypertrophy. The purpose of the present study was to determine whether three common variants in NOS3 (the eNOS gene) are associated with the risk of LVH [LV (left ventricular) hypertrophy] in patients with essential hypertension. Three NOS3 genetic variants, − T786C (rs2070744), eNOS4a/b and + G894T (rs1799983), were genotyped in two independent case-control studies: the first study consisted of 1061 hypertensive patients with LVH and 1118 hypertensive patients without LVH, and the second sample consisted of 120 patients with LVH and 223 patients without LVH. Echocardiographic measurements were obtained in all of the hypertensive patients. Only the + G894T (E298D) variant of NOS3 was associated with a higher risk of LVH {OR (odds ratio), 1.67 [95 % CI (confidence interval), 1.19-2.36]; P < 0.01} in the first population, and replicated in the second population [OR, 1.41 (95 % CI, 1.01-2.28); P < 0.05] in a recessive model. Compared with carriers of the G allele (GT + GG), patients carrying the TT genotype had increased septal wall thickness (16.2 %, P < 0.01 and 11.7 %, P < 0.01 respectively), LV posterior wall thickness (8.3 %, P < 0.01 and 7.1 %, P < 0.01 respectively), LV mass index (14.0 %, P < 0.01 and 25.1 %, P < 0.01 respectively) and relative wall thickness (13.1 %, P < 0.01 and 16.2 %, P < 0.01 respectively) in the first and second populations. The results of the present study support that homozygosity for + G894T (E298D) in NOS3 is a genetic risk factor for the development of LVH in patients with hypertension.
INTRODUCTION
LVH [LV (left ventricular) hypertrophy] is a strong independent risk factor for cardiovascular morbidity and all-cause mortality [1, 2] . The factors age, male gender, postmenopausal status in women, life style and diabetes, have been known to contribute to the development of LVH [3] . Although hypertension is a major cause of LVH, the degree of LVH does not parallel the level of BP (blood pressure), the duration of hypertension or reversal of hypertensive LVH by pharmacological treatments. Indeed, genetic factors account for 60 % of BP-independent cardiac mass variances [4] , suggesting the important role played by genetic factors in the development of LVH in essential hypertension.
NO is synthesized under the control of eNOS [endothelial NOS (NO synthase)] encoded by NOS3 located on chromosome 7q35 to 36 in the vascular endothelium and in cardiomyocytes [5] . In addition to acting as a potent vasodilator that can reduce cardiac load, NO can also stimulate angiogenesis, reduce cardiomyocyte hypertrophy, limit the production of extracellular matrix proteins by cardiac fibroblasts, and influence many processes involved in the pathophysiology of LV remodelling [6] [7] [8] . In animal models, long-term systemic inhibition of NO production with the NOS inhibitor l-NAME (N G -nitro-l-arginine methyl ester) or Nos3-deficient mice have been shown to induce greater LVH, fibrosis and dysfunction, especially concentric LVH [9, 10] . Restoration of eNOS in the heart of Nos3-deficient mice has been shown to attenuate LVH and dysfunction in the TAC (transverse ascending aorta constriction) model [11] , and also inhibits hypertrophy in the remote myocardium and preserves cardiac function after MI (myocardial infarction) [12] . Furthermore, the expression of NOS3 has been shown to be increased in the ventricular myocardium of failing human hearts [13] , suggesting that the endothelial NO/NOS pathway has an important role in LV remodelling and LVH.
It has been reported that eNOS expression or function is affected by genetic variants [14] . Given the important role of eNOS in the regulation of cardiac remodelling in hypertension, we hypothesized that the genetic variants in NOS3 would be associated with susceptibility to LVH in human essential hypertension. In the present study, to test this hypothesis, we genotyped the common variants of NOS3 in two independent case-control studies.
MATERIALS AND METHODS

Study sample
The study was approved by the ethics committee of FuWai Hospital, Peking Union Medical College, and the participating hospitals. All subjects who participated in the study provided their written informed consent and were self-reported as Han nationality.
Two independent samples were included, and the subjects were recruited for investigating the prevalence and risk factors for LVH in the Chinese hypertensive population. The subjects of the first study, which consisted of 1061 hypertensive patients (mean age 59.1 + − 8.7 years) with LVH and 1118 patients (mean age 57.6 + − 9.1 years) without LVH, were recruited from 24 communities in Xinyang County, a region in central China. BPs were determined on the right arm with a mercury sphygmomanometer with standardized techniques after at least 5 min rest in the sitting position by the same investigator. Hypertension was defined as SBP (systolic BP) 140 mmHg and/or DBP (diastolic BP) 90 mmHg on an average of two measurements or by current anti-hypertensive treatment by WHO (World Health Organization) criteria [15] . Exclusion included secondary arterial hypertension, atrio-ventricular conduction block, chronic obstructive bronchitis, bronchial asthma, chronic myeloproliferative diseases, diabetes, hypertrophic cardiomyopathy, valvular heart diseases, pulmonary hypertension, coronary heart disease and heart failure. In the first population, 25.5 % (271/1061) of patients with LVH and 25.2 % (282/1118) of patients without LVH were on anti-hypertensive medication. The classes of drugs used were ACEIs (angiotensin-converting enzyme inhibitors), β-blockers, diuretics and calcium entry blockers.
The second study sample consisted of 120 hypertensive patients (mean age 59.2 + − 7.4 years) with LVH and 223 patients (mean age 57.6 + − 10.1 years) without LVH, recruited from Rizhao County, a region in Eastern China, following the same inclusion and exclusion criteria as the first study. In the second population, 16.8 % (20/120) of patients with LVH and 17.6 % (39/223) of patients without LVH were on anti-hypertensive medication.
Echocardiographic measurement
Echocardiography was performed in all participants (HP 5500; Phillips Medical System, or an HDI 3000; ATL). M-mode and two-dimensional images were recorded at 30 frames/s on super TDK videotape (Aloka). Subjects were examined in the supine and left lateral position by three echocardiographers who were blinded to the genotype of the patient. Echocardiographic images were obtained in the parasternal long-and short-axis views, and apical two-and four-chamber views with standard transducer positions [16] . Three physicianechocardiographers supervised the echocardiographic examination. LV internal diameters, IVS (interventricular septum thickness) and PWT (posterior wall thickness) were measured on up to three cardiac cycles at enddiastole and endsystole according to the recommendations of the American Society of Echocardiography [17] .
The LVM (LV mass) was calculated at end-diastole by use of the cube formula: 0.8 × 1.04 [(IVS + LVIDD + PWT) 3 −LVIDD 3 ] + 0.6 [18] , where LVIDD is LV end-diastolic diameter. LVM was divided by height 2.7 to obtain LVMI h2.7 (LVM index). LVH was defined as LVMI > 49.2 g/m 2.7 for men and 46.7 g/m 2.7 for women [19] . RWT (relative wall thickness) was calculated by the formula: (IVS + PWT)/LVIDD [20] .
Clinical data collection
A blood sample was taken from all participants after overnight fasting. Plasma and urine biochemical variables were determined by using standard methods with an automatic analyser (Hitachi 7060). All of the participants completed a questionnaire on current medication and life style. A complete medical history was obtained from all subjects, including family history of hypertension, diabetes mellitus and the following cardiovascular risk factors: alcohol intake, cigarette smoking, family history, weight, height, BMI (body mass index), SBP and DBP. BMI was calculated by the formula of weight (kg)/height (m 2 ). Creatinine clearance rate was calculated by the formula of (140−age in years)×weight (kg)/[72×serum creatinine (mg/dl)] for men and (140−age in years)×weight (kg)/[72×serum creatinine (mg/dl)]×0.85 for women [21] .
Genotyping
Genomic DNA was extracted from peripheral blood using a method described previously [22] . A total of 277 variants in NOS3 have been identified so far according to public databases (dbSNP; http://www. ncbi.nlm.nih.gov/SNP/). We undertook a search for variants within the promoter and coding regions of NOS3 and identified three important functional variants, − T786C (rs2070744), eNOS4a/b and + G894T (rs1799983), with the potential to alter the expression or function of eNOS according to reports in the literature [14] . At the 5 -flanking region, a variant within the promoter (− 786T/C) and a variant of 27 bp VNTRs (variable number tandem repeats) within intron 4 have been associated with alterations in promoter activity. A variant located in exon 7 (+ G894T) encodes an amino acid change from glutamate to aspartate. The amino acid change has been shown to result in the enzyme being more susceptible to proteolytic cleavage. Therefore three NOS3 genetic variants, − T786C (rs2070744), eNOS4a/b and + G894T (rs1799983), were genotyped in two independent case-control studies by PCR/RFLP (restriction fragment length polymorphism).
The primers for − T786C were 5 -GACACAGAA-CTACAAACCCC-3 and 5 -GCAGGTCAGCAGA-GAGACTA -3 . The 178-bp PCR products were digested with MspI (New England Biolabs) and yielded two DNA fragments of 41 bp and 137 bp for the C allele on a 4 % (w/v) agarose gel and only one band for the T allele.
The eNOS4a/b genotype was determined by PCR using primers 5 -AGGCCCTATGGTAGTGCCTT-3 and 5 -TCTCTTAGTGCTGTGGTCAC-3 . PCR products of 393 or 420 bp were yielded for the smaller allele (eNOS4a) and the large allele (eNOS4b) on a 3 % (w/v) agarose gel respectively.
The primers for + G894T were 5 -GCTCAGCC-CCAGAACCCCCT-3 and 5 -GCTCCAGGGGCA-CCTCAAGG-3 . The 171-bp PCR products were digested with BanII (New England Biolabs) and yielded two DNA fragments of 53 bp and 118 bp for the G allele on a 4 % (w/v) agarose gel and only one band for the T allele.
Reproducibility of genotyping was confirmed by bidirectional sequencing in 100 randomly selected samples, and the reproducibility was 100 %.
Statistical analysis
Values are expressed as means + − S.D. A χ 2 test was used to test categorical variables, and the Hardy-Weinberg equilibrium was used to test the variant frequencies. One-way ANOVA and an unpaired Student's t test was used to compare quantitative variables in the clinical characteristics of the subjects in the two case-control studies. Association of the genetic variants with LVH was analysed by multivariate logistic regression. ORs (odds ratios) and 95 % CIs (confidence intervals ) were calculated by use of multivariate logistic regression analyses, and were adjusted by age, gender, BMI, SBP, DBP, smoking status, alcohol consumption and glucose. A general linear model-univariate analysis was performed where each cardiac echocardiographic parameter was used as a dependent variable, age, gender, BMI, SBP, DBP, glucose and creatinine clearance rate were used as co-variables, and the variants of − T786C, + G894T and eNOS4a/b were used as independent variables. A SHEsis software platform was used to analyse pairwise LD (linkage disequilibrium). Statistical analysis was performed with the SPSS 13.0 package. A value of P < 0.05 was considered significant. Bonferroni correction was used for correction of multiple comparisons.
RESULTS
The clinical characteristics of the subjects in the two casecontrol studies are shown in Table 1 . The distribution of the genotypes of the three NOS3 variants is shown in Table 2 . The genotype frequencies for all the three variants were in accordance with the Hardy-Weinberg equilibrium.
In the first case-control study, only + G894T was found to be significantly associated with LVH (P < 0.01). The TT genotype of the + 894 locus conferred a 1.67-fold risk for LVH (95 % CI, 1.19-2.36; P = 0.002) after adjustment for age, gender, BMI, SBP, DBP, smoking status, alcohol consumption and glucose by multivariate logistic regression analysis ( Table 3 ). The influence of + 894T on LVH is in a recessive model. A general linear model-univariate test on + G894T showed that the subgroup of patients with LVH carrying the TT genotype had increased IVS (12.2 + − 1.8 mm compared with 10.5 + − 1.5 mm, P < 0.01), LV PWT (13.0 + − 3.4 mm compared with 12.0 + − 5.2 mm, P < 0.01), LVMI (69.3 + − 14.5 g/m 2.7 compared with 60.8 + − 7.2 g/m 2.7 , P < 0.01) and RWT (53.6 + − 10.1 % compared with 47.4 + − 9.0 %, P < 0.01) compared with carriers of the G allele (GT + GG). No significant difference was found in LVIDD (P > 0.05), age (P > 0.05), SBP (P > 0.05), DBP (P > 0.05) and LVISD (LV end-systolic diameter) (P > 0.05) among the patients with different genotypes (Table 4) . These associations were not found in hypertensive patients without LVH (Table 5) . Table 2 The distribution of the genotypes − T786C, + G894T and eNOS4a/b in the hypertensive patients †P < 0.01 compared with hypertensive patients without LVH, as measured using the χ 2 test. Values are means + − S.D. General linear model-univariate analysis was performed, with each cardiac echocardiographic parameter used as a dependent variable, the independent variable was the variant of + G894T, and co-variables were age, gender, BMI, SBP, DBP, glucose and creatinine clearance rate. Bonferroni correction was used for correction of multiple comparisons.
The first population The second population
IVS (mm) 9.3 + − 1. The second case-control study confirmed the association of the TT genotype of the + 894 locus with LVH [OR, 1.41 (95 % CI, 1.01-2.28); P = 0.01] after adjustment for conventional risk factors (Table 3) . The influence was also in a recessive model. A general linear model-univariate analysis of + G894T showed that the subgroup of patients with LVH carrying the TT genotype had increased IVS (12.4 + − 1.5 mm compared with 11.1 + − 1.5 mm, P < 0.01), LV PWT (12.1 + − 1.0 mm compared with 11.3 + − 1.3 mm, P < 0.01), LVMI (70.8 + − 10.9 g/m 2.7 compared with 56.6 + − 8.4g/m 2.7 , P < 0.01) and RWT (50.9 + − 8.1 % compared with 43.8 + − 8.4 %, P < 0.01) compared with the G allele carriers (GT + GG). No significant difference was found in LVIDD (P > 0.05), age (P > 0.05), SBP (P > 0.05), DBP (P > 0.05) and LVISD (P > 0.05) among the patients with different genotypes (Tables 4 and 5) .
A SHEsis software platform was used to analyse pairwise LD. We found that the three NOS3 genetic variants 
DISCUSSION
The present study provides evidence that + G894T, a common variant of NOS3, is associated with an increased risk of LVH in hypertensive patients in a recessive model. Multivariate adjustments support that the effects are independent of common traditional cardiovascular risk factors, including BP levels, age, gender and other clinical factors that influence cardiac size. To the best of our knowledge, the present study is the first investigation to test the association of the variation + G894T with LVH in large-scale community-based cohorts, and the results were replicated in a second independent population. In recent years the regulation of the expression of eNOS in endothelial cells has become clearer. This regulatory cycle involves a series of post-translational modifications and intracellular compartmentalization to allow for co-ordinated substrate availability, calciumdependent activation, enzyme catalysis and NO release [23, 24] . Of these steps, specific localization of eNOS with caveolae is critical for enzyme regulation and activity. In endothelial cells, Cav-1 (caveolin-1) is the major protein constituent of caveolae; this protein has been thought to hold or 'store' eNOS in an inactive form wherein phosphorylation causes dissociation and eNOS activation. Basal eNOS bound to Cav-1 is therefore essential for its activation, leading to the regulation of endothelial cell NO production [25] .
In a previous study, it has been reported that − T786C in the promoter region of NOS3 affects the promoter activity of NOS3 in vitro [26] . eNOS4a/b influences NOS3 mRNA and protein levels. All of these NOS3 variants have been shown to be significantly associated with plasma NO concentration in vivo [27] . The + G894T variant of NOS3 results in a substitution of an aspartate for glutamate residue at amino acid position 298 of the eNOS protein. Some studies have shown that the eNOS protein containing an aspartate residue at position 298 is more susceptible to cleavage by proteases, which results in eNOS dysfunction [28, 29] . Other studies questioned the results as an artefact caused by Western blotting preparation [30] . A recent study, however, has found evidence that eNOS production is dysregulated in subjects carrying the TT compared with those carrying the GG genotype [31] . The primary difference is an altered localization of the protein at caveolae, leading to diminished shear-dependent responses and impaired co-ordination of the eNOS regulatory cycle [31] . The results of the present study do not support associations of − T786C and eNOSa/b of the eNOS gene with increased susceptibility for the development of LVH in hypertensive patients. We found that only the + G894T variant of the three variants tested was associated with a greater risk of LVH in hypertensive patients.
Our observations are consistent with the results of Lapu-Bula et al. [32] in that the 894T variant of the eNOS gene contributes to an increased susceptibility to LVH and a high to normal BP in African-Americans. Our results did not support the observation by Minushkina et al. [33] , which shows that the G allele of NOS3 is a risk allele for LVH in patients with essential hypertension. In addition, eNOS4a/b has been reported to be associated with higher IVS in Turkish hypertensive patients [34] . The difference between the studies described above and the present study could be due to (i) the different genetic background of the two populations, (ii) the relatively small sample size confounds the result in the Minushkina et al. [33] study (the total number of patients with essential hypertension were 109, of them, 76 had LVH), and (iii) the subjects in the Minushkina et al. [33] study were recruited from clinics, whereas the patients in the present study were recruited from communities.
We also examined whether the disease-associated alleles were related to specific vascular risk factors, including hypertension, diabetes, age and gender. After adjusting for those conventional cardiovascular risk factors, the association remained significant, suggesting that the contribution of this variant to the risk of LVH is independent of conventional cardiovascular risk factors.
The strength of the present study is the large sample size, and community-based sample. Nevertheless, there are some limitations in the present study, including that the size of the second case-control study was relatively small and all study subjects were hypertensive patients. However, because the second study replicated the first study results, it strengthens the likelihood that the association is a true association. A longitudinal follow-up study is warranted to elucidate whether there are protective effects of NOS3 variants on cardiac hypertrophy in the future, considering the powerful ability of LVH to predict morbidity and mortality.
In conclusion, a genetic variant of NOS3 could contribute to LVH in patients with hypertension. The results need to be replicated in other nationalities and confirmed with a prospective trial. The mechanisms need to be further explored. 
